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ABSTRACT Ventriculostomy-associated infections in critically ill patients remain
therapeutically challenging because of drug- and disease-related factors that contrib-
ute to suboptimal antibiotic concentrations in cerebrospinal fluid. Optimal antibiotic
dosing for the treatment and prevention of such infections should be based on ro-
bust and contextually specific pharmacokinetic data. The objects of this study were
to describe and critically appraise studies with reported antibiotic concentrations or
pharmacokinetic data in cerebrospinal fluid of critically ill patients without menin-
geal inflammation. We systematically reviewed the literature to identify published re-
ports and studies describing antibiotic concentrations, pharmacokinetics, and phar-
macokinetics/pharmacodynamics in cerebrospinal fluid of critically ill patients with
uninflamed meninges. Fifty-eight articles met the inclusion criteria. There was signifi-
cant heterogeneity in methodologies and results. When available, antibiotic pharma-
cokinetic parameters displayed large intersubject variability. Intraventricular dosing
achieved substantially higher antibiotic concentrations in cerebrospinal fluid than
did intravenous doses. Few studies conducted a robust pharmacokinetic analysis and
described relevant clinical pharmacokinetic/pharmacodynamic indices and exposure
targets in cerebrospinal fluid. Robust and clinically relevant antibiotic pharmacoki-
netic data describing antibiotic disposition in cerebrospinal fluid are necessary. Such
studies should use a standardized approach to accurately describe pharmacokinetic
variability. These data should ideally be tied to clinical outcomes whereby therapeu-
tic targets in the cerebrospinal fluid can be better defined. Altered dosing strategies,
in conjunction with exploring the utility of therapeutic drug monitoring, can then be
developed to optimize antibiotic exposure with the goal of improving outcomes in
this difficult-to-treat patient group.
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anagement of nosocomial central nervous system (CNS) infections in critically ill
patients remains challenging. Of these, ventriculostomy-associated infection
(VAI), including ventriculitis, is the most common and a serious complication associated
with the surgical insertion of external ventricular drains (EVDs) (1). Non-EVD-associated
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ventriculitis can also occur secondary to local trauma associated with neurosurgical
intervention or contiguous spread from the ears. Conditions necessitating EVD place-
ment include increased intracranial pressure secondary to intracranial hemorrhage,
space-occupying lesions, or head trauma (2).

VAls lead to significant morbidities such as neurological sequelae (including per-
manent disability), lengthened intensive care unit (ICU) and hospital admission, and
increased health care expenditures (3, 4). The diagnostic difficulty characteristic of VAI
is @ major contributor to the considerable variation in incidence seen in the literature,
reported to be anywhere between 0 and 45% (2, 5-9). Additionally, there is a lack of
consensus on the risk factors associated with these infections.

Antibiotic use in the treatment and prevention of VAl can be complicated by
disease- and drug-related factors as well as critical illness itself. Variable meningeal
inflammation in the context of VAI can result in an unpredictable and potentially
decreased penetration of some antibiotics across the blood-cerebrospinal fluid (CSF)
barrier (10). Hence, current antibiotic dosing regimens that have been derived from the
treatment of infections with a high degree of meningeal inflammation, such as men-
ingitis, may not be generalizable in the setting of VAL

The physicochemical properties of antibiotics (including lipophilicity, molecular size,
and degree of protein binding) influence key pharmacokinetic (PK) parameters (such as
the volume of distribution [V]) and, thus, their distribution into CSF and need to be
considered when deriving dosing strategies for VAI treatment and prophylaxis (10).
Similarly, the PK changes seen in critical illness may also alter CSF antibiotic concen-
trations and further complicate dose optimization strategies (11). Dosing strategies
should be based on contextually specific knowledge of antibiotic PK parameters and
their variability in CSF.

Additionally, an understanding of antibiotic PK/pharmacodynamic (PD) relationships
in CSF is also important to optimize dosing regimens. For example, the PK/PD index
describing the bactericidal efficacy of the concentration-dependent aminoglycosides is
the ratio of the maximum free drug concentration to the pathogen MIC (fC,,,,/MIC)
(11). The bactericidal activity of time-dependent beta-lactams is described by the time
that free drug concentrations remain above the MIC (fT—,c) (11). The bactericidal
activity of vancomycin, which is both concentration and time dependent, is related to
the ratio of the area under the concentration-time curve for the free, unbound fraction
of the drug to the MIC (fFAUC/MIC) (11). Pharmacokinetic/pharmacodynamic targets in
plasma have been widely reported but may not necessarily be directly relevant to CSF
in the setting of ventriculitis.

The aim of this systematic review was to describe and critically appraise studies with
antibiotic PK data in the CSF of critically ill patients with uninflamed meninges during
the treatment and prophylaxis of VAl and the treatment of extracerebral infections.
Where applicable, this systematic review also summarized PK/PD data that were
reported in the included studies.

RESULTS

Studies identified. The results of the search strategy are detailed in Fig. 1. Numer-
ous articles were identified through searches of referenced papers. After discussion
between the two reviewers, 58 studies were included in the systematic review (Table 1).

Quality of included studies. A comparison of how well the retrieved papers met
the 24-item checklist of the ClinPK statement for clinical PK studies can be found in
Table S1 in the supplemental material. There were some notable deficiencies in study
quality as assessed by the ClinPK reporting criteria. Importantly, only 27/58 (47%)
studies described known PK data relevant to study antibiotics (checklist item 3), and
39/58 (67%) studies provided specific hypotheses and objectives (checklist item 5). Only
29/58 studies (50%) described PK modeling methods and software used (checklist item
11), while 10/58 (17%) studies provided relevant variables that may explain PK vari-
ability (checklist item 18), and only 28/58 (48%) studies reported the results of PK
analyses with appropriate measures of precision (checklist item 19). Only 8/58 (14%)
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FIG 1 PRISMA flow diagram illustrating the screening and selection of the included studies.

studies performed a population PK analysis (checklist item 12) of measured concen-
tration data to more robustly characterize variability in antibiotic PK parameters; only
6 of these studies specifically identified covariates. Furthermore, only 16/58 (30%)
studies met reporting criteria for describing study limitations (checklist item 22).

Overview of antibiotic pharmacokinetics and pharmacokinetics/pharmacody-
namics in cerebrospinal fluid. A full summary of reported antibiotic PK parameters in
CSF and plasma, with patient renal function, can be found in the supplemental material
(see Table S2 for CSF data and Table S3 for plasma data). There was substantial
variability in reported antibiotic PK parameters.

(i) Aminoglycosides. Aminoglycoside CSF concentrations were measured during
the treatment of ventriculitis in two case reports (12, 13). Intraventricular administration
resulted in higher CSF concentrations than with systemic dosing, with amikacin con-
centrations above 100 mg/liter in one report (12). The intravenous (i.v.) route did not
achieve CSF concentrations above 0.5 mg/liter in two studies, one of which used
gentamicin for VAI prophylaxis (14), while the other study used netilmicin for the
treatment of extracerebral infections (15). Pharmacokinetic analysis of measured
netilmicin concentrations demonstrated a mean CSF penetration of 20% in six patients,
but no PK/PD relationships were described (15).

(ii) Beta-lactams. Pharmacokinetic parameters of beta-lactams in CSF exhibited
intersubject and interstudy variability. No studies describing intraventricular adminis-
tration were found.

In a case report, high-dose (8 to 15 g/day) meropenem as a continuous infusion for
the treatment of ventriculitis achieved uniformly higher CSF concentrations (16) than
standard doses of 3 to 6 g/day (17-19). CNS penetration was highly variable (16, 17,
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Cephalosporin Cerebrospinal Fluid Concentrations
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FIG 2 Forest plot of cephalosporin concentrations in cerebrospinal fluid (13, 14, 24-34, 37, 38).

19-21) as well as directly proportional to the level of meningeal inflammation (19). In
one study, meropenem clearance (CL) from CSF was higher than its rate of CSF
penetration (17). In one analysis, the simulated probabilities of achieving =40%, =60%,
=80%, and 100% T- ,c in CSF after a dose of 1 g meropenem every 12h as a 2-h
infusion were calculated for MICs of 1 mg/liter (91.52%, 75.55%, 53.89%, and 34.13%,
respectively), 2 mg/liter (35.78%, 17.11%, 7.26%, and 3.05%, respectively), 4 mg/liter
(1.81%, 0.46%, 0.13%, and 0%, respectively), and 8 mg/liter (0% for all targets) (20).
Another simulation analysis demonstrated a 53% probability of exceeding CSF trough
concentrations of 2 mg/liter with standard doses of 1 to 2 g every 8h (17). The
meropenem CSF T, for highly susceptible organisms (MIC =< 0.125 mg/liter) was
100% for the dosing interval but below the MIC of moderately susceptible organisms
(0.5 mg/liter) for the entire dosing interval in 60% of subjects when standard doses
were utilized (19). Lodise et al. conducted a simulated PK/PD analysis (22) of previously
reported data (19), calculating the probability of achieving 50% and 100% T- ;¢ in CSF
for MICs of 0.125 mg/liter (>80% and >80%, respectively), 0.25 mg/liter (>80% and
>60%, respectively), 0.5 mg/liter (~60% and >40%, respectively), 1 mg/liter (>20%
and >20%, respectively), 2 mg/liter (<20% and <10%, respectively), 4 mg/liter (0% for
both targets), and 8 mg/liter (0% for both targets).

None of these CSF simulations were accompanied by clinical outcome data in
patients with VAL

A single dose of 6.5 g of i.v. piperacillin-tazobactam for the treatment of extrace-
rebral infections among 9 subjects achieved variable CSF concentrations, exposures,
and CNS penetration (23). A limited PK analysis was performed (Table S2), and quan-
tification of PK/PD relationships was lacking.

Cephalosporins were the beta-lactam antibiotic class with the most CSF PK data,
achieving a wide range of concentrations in CSF (see Fig. 2 for a comparison of
cephalosporin CSF concentrations).
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In a case report of ventriculitis, high-dose cefazolin (8 to 10 g/day) via continuous
infusion attained relatively higher CSF concentrations (24) than other cephalosporins
(13, 14, 25-34), with 100% T- \,c for an MIC of 2 mg/liter. This finding was associated
with clinical and bacteriological cure in one patient (24).

Standard doses of cefepime (4 to 6 g/day) were unable to achieve steady-state CSF
concentrations of >3 mg/liter (13, 25), with CNS penetration ranging from 8 to 34% (25,
35) and clearance from CSF being higher than the rate of CSF penetration in one study
(25). A dosing regimen of cefepime at 2 g every 12 h achieved 100% T-,,c against a
highly susceptible (MIC = 0.125 mg/liter) Enterobacter cloacae isolate in one patient,
supported by clinical outcome data (13). In a separate study, simulated cefepime doses
of 4 to 6 g/day were unable to attain CSF PK/PD targets of 50 to 100% T- ;¢ for >90%
of patients for MICs of =0.5 mg/liter and for >80% of patients for MICs of =1 mg/liter
(35). However, a simulated front-loading dose of 2 g followed by a continuous infusion
of 250 mg/h achieved a 76% probability of maintaining 50 to 100% CSF T, c above an
MIC of 1 mg/liter for the duration of the infusion (35). In another simulation study
involving cefepime (36), the calculated probabilities of achieving a target of 100% T— ¢
were >80% for MICs of 0.25 mg/liter and 0.5 mg/liter and >60%, >40%, >20%, and
>20% for MICs of 1 mg/liter, 2 mg/liter, 4 mg/liter, and 8 mg/liter, respectively. How-
ever, in these studies, no outcome data were provided.

A single 3-g dose of cefoperazone/sulbactam achieved remarkably high CSF con-
centrations (53 to 55 mg/liter) compared to other cephalosporins, with CNS penetration
of 28 to 37% (37). No other CSF PK or PK/PD data were reported.

Cefotaxime CSF PK data were reported in patients receiving treatment for extrace-
rebral infections (Table S2), with measured CSF concentrations remaining below 4 mg/
liter (26-28). When patients were randomized to receive cefotaxime or ceftriaxone, the
CNS penetration of ceftriaxone was 10-fold lower (1%) than that of cefotaxime (12%),
but because of the markedly different plasma concentrations achieved, similar concen-
trations and AUCs were reported in CSF (28). A simulated PK/PD study (36) based on
previously reported ceftriaxone PK data (28) calculated an <80% probability of achiev-
ing 50% and 100% T-,,c for MIC values of >0.06 mg/liter and >0.015 mg/liter,
respectively.

Intravenous ceftaroline used for VAI treatment (29), prophylaxis (30), and treatment
of extracerebral infections (31) resulted in CSF concentrations of <1 mg/liter, with
similarly low CSF AUCs and CNS penetration ranging from 1% (31) to 6% when
corrected for protein binding (30). Ceftaroline CSF penetration was inversely propor-
tional to glycorrhachia, and the rate of distribution into CSF was lower than the rate of
clearance from CSF in one study (30). No PK/PD data were described, but a PK/PD
assessment based on in vitro analysis of the time-kill curve for bacterial isolates was
conducted. Bactericidal activity in CSF, determined by inoculating collected CSF sam-
ples with Streptococcus colonies and measuring the MIC, was observed only against a
strain of highly susceptible Streptococcus pneumoniae (MIC = 0.023 mg/liter) (31).

Ceftazidime demonstrated wide interpatient variability in CSF concentrations mea-
sured in patients receiving 2 g every 8 h for prophylaxis against VAl in one study (38).
In another study of extracerebral infections, more uniform concentrations were at-
tained after a single i.v. dose of 3 g, achieving 100% and approximately 25% CSF T— ,c
for pathogens with MICs of 0.25 mg/liter and 2 mg/liter, respectively (32). Nevertheless,
CNS penetration was below 15% in the majority of patients (32, 33, 38), and PK/PD
simulations in CSF were not supported by clinical outcome data (32).

Cerebrospinal fluid concentrations of ceftizoxime were variable (14). The cefuroxime
Cimax In CSF was reported to be slightly above 2 mg/liter (34), with no other CSF PK or
PK/PD data reported.

(iii) Polymyxins. Intraventricular (IVT) colistin, as both an adjunct (39, 40) and an
alternative (41) to i.v. therapy for VAI, achieved higher CSF concentrations and 100-
fold-increased AUCs with lower doses than with i.v. administration alone, which was
unable to attain concentrations above 2.75 mg/liter in CSF (40, 42) (Table S2). Com-
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Intravenous Cerebrospinal Fluid Vancomycin Concentrations
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FIG 3 Forest plot of vancomycin concentrations in cerebrospinal fluid after intravenous dosing (14, 18, 48, 49, 51, 77, 78).

bined dosing (39) achieved more uniform concentrations than IVT dosing alone (41). A
population PK analysis of IVT administered colistin positively correlated colistin clear-
ance from CSF with the EVD output volume (41). In the same study, assuming an MIC
of 2 mg/liter, CSF AUC/MIC ratios were 36.2 h, 55.5 to 146.6 h, and 74.6 to 141.5 h with
daily dosing regimens of 2.61 mg, 5.22 mg, and 10.44 mg, respectively, and supported
by clinical outcome data (41).

(iv) Fluoroquinolones. Fluoroquinolone PK in CSF have been repeatedly analyzed
during treatment of extracerebral infections (43-46) (Table S2). In general, fluoroquino-
lones demonstrated relatively high CNS penetration, e.g., a mean of 71% for levofloxa-
cin (44). Ciprofloxacin attained the lowest CSF concentrations compared with other
quinolones, which remained below 0.5 mg/liter over the sampling period (43). Two
studies sought to characterize PK/PD relationships in CSF (44, 45), with Pea and
colleagues extrapolating plasma PK/PD targets for levofloxacin to determine MIC
thresholds in CSF using standard dosing regimens. These investigators used a priori
targets of AUC/MIC and C,,,,/MIC ratios of 125 h and 12.2, respectively, and found that
the mean MICs of pathogens would need to be less than 0.53 mg/liter and 0.33 mg/
liter, respectively, if these targets were to be met in CSF (44). With a dosing regimen of
400 mg i.v. daily and assuming an MIC of 0.5 mg/liter, Nau et al. calculated ofloxacin
PK/PD indices in CSF of AUC/MIC and C,,,,/MIC ratios of 49.1 h and 4.1, respectively
(45). In both studies, no outcome data were provided to clinically support these
simulations.

(v) Fosfomycin. Fosfomycin PK in CSF were analyzed during treatment of VA,
achieving uniformly high CSF concentrations (up to 100 mg/liter), along with increasing
concentrations and AUCs after multiple doses (47). Cerebrospinal fluid penetration
ranged from 19 to 35%, and based on an i.v. dosing regimen of 8 g every 8 h, the
calculated T- ,c values in CSF were 98%, 92%, and 61% for pathogens with MIC values
of 8 mg/liter, 16 mg/liter, and 32 mg/liter, respectively. Clinical outcome data were
equivocal, but all patients tolerated therapy.

(vi) Glycopeptides. Both iv. and IVT administration of vancomycin resulted in
variable CSF concentrations (see Fig. 3 and 4 for a comparison of vancomycin CSF
concentrations resulting from i.v. and IVT dosing, respectively). Consistently higher
concentrations were achieved with IVT doses, as both an adjunct and an alternative to
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Intraventricular Vancomycin Cerebrospinal Fluid Concentrations
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FIG 4 Forest plot of vancomycin cerebrospinal fluid concentrations after intraventricular dosing (48-50, 78-81).

i.v. therapy. In one case report, when IVT therapy was added to a continuous i.v.
infusion, trough CSF concentrations increased from 2 to 10 mg/liter, and the C,,,,
increased from 3 to 25 mg/liter (48). Similarly, the mean C,,,, surpassed 1,000 mg/liter
in a group randomized to receive IVT vancomycin compared to approximately 5 mg/
liter in the i.v. group (49). Combined dosing (48, 50) achieved higher CSF trough
concentrations than IVT dosing alone (49). Central nervous system penetration ranged
from 1 to 18%, and a population PK analysis did not demonstrate a relationship
between plasma and CSF AUCs (51). A separate population PK analysis demonstrated
increased vancomycin penetration into CSF when CSF albumin concentrations (as a
marker of blood-CSF barrier dysfunction) were increased (52). No PK/PD relationships
were described.

(vii) Lipopeptides. Cerebrospinal fluid concentrations of daptomycin were mea-
sured in case reports of ventriculitis treatment with IVT dosing, both in conjunction
with (53, 54) and as an alternative to (55) i.v. therapy. Dosing practices varied, and
consequently, variable CSF concentrations were achieved, reaching a maximum con-
centration of nearly 500 mg/liter in one report (54). Cerebrospinal fluid concentrations
were not measured when using i.v. treatment alone. In one study, a patient with two
in situ EVDs was administered daptomycin, and CSF sampling was conducted over 7
days. The dose of daptomycin was administered into the right EVD, and CSF was
collected from both EVDs. Throughout the sampling period of one dosing interval,
findings showed consistently lower daptomycin concentrations in samples taken from
the left EVD than in samples taken from the right EVD (55).

(viii) Oxazolidinones. Pharmacokinetic parameters of linezolid in CSF were de-
scribed during treatment and prevention of ventriculitis (56-60) (Table S2). There was
significant interstudy variability in reported CSF concentrations and AUCs, but linezolid
manifested high CSF penetration compared to the other antibiotics studied (56-60).
One PK analysis demonstrated a statistically significant positive correlation between
plasma and CSF concentrations throughout a time-exposure curve (59), while in
another analysis, there was a correlation only between trough concentrations in plasma
and CSF (60). In the latter population PK analysis, no biological covariates explained the
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observed PK variability (60). Studies varied on the CSF PK/PD index reported for
linezolid, with Luque et al. using the AUC from 0 to 24 h (AUC,_,,)/MIC ratio with a
target of 80 to 120 h based on previously defined plasma targets (60, 61). The reported
CSF AUC,_,,/MIC ratios were 42.2 h, 21.1 h, and 10.6 h for pathogens with MICs of
1 mg/liter, 2 mg/liter, and 4 mg/liter, respectively (60). Beer and colleagues reported
both AUC,_,,/MIC and %T- ,c values. The calculated AUC,_,,/MIC ratios were 75.3
and 37.7 h for MICs of 2 mg/liter and 4 mg/liter, respectively. For these same MIC values,
the calculated %T- ,c values were 99.8% and 57%, respectively (57). These values were
validated with clinical outcome data in patients with VAl For an MIC of 4 mg/liter,
Myrianthefs et al. described an AUC/MIC ratio of 50.8 h, supported by clinical and
bacteriological outcome data in two patients with ventriculitis (59). Conversely, Viaggi
et al. used %T- y,c as their PK/PD index and calculated T- ,, values of 80%, 68%, and
46% for MICs of 0.5 mg/liter, 1 mg/liter, and 2 mg/liter, respectively (56). This study was
conducted in patients who received linezolid for prophylaxis against VAI, so no data on
clinical or bacteriological cure could be reported.

(ix) Metronidazole. Cerebrospinal fluid PK of i.v. metronidazole administered for
the treatment of extracerebral infections were analyzed in one study, with CSF con-
centrations not exceeding 5 mg/liter over the dosing interval but with high CNS
penetration (mean of 86%) (62). No PK/PD data were included.

(x) Rifampicin. Single-dose PK of i.v. rifampicin in CSF were analyzed during
treatment of extracerebral infections in one study, demonstrating variable CNS pene-
tration (13 to 42%) and CSF concentrations remaining below 1.25 mg/liter throughout
the dosing interval (63). No PK/PD relationships were quantified.

DISCUSSION

Limitations of current data. There are few robust studies of antibiotic CSF PK data
in critically ill patients with uninflamed meninges. The quality of studies could be
greatly improved in the future by more closely adhering to the ClinPK criteria for
reporting PK studies. In general, sample sizes are relatively small, ranging from case
reports to sample sizes of 21. Such small sample sizes may not be sufficiently powered
to describe the true PK variability inherent in the critically ill population (64). Bodily fluid
sampling is also generally nonstandardized and varies in terms of the sampling timing,
method (e.g., lumbar puncture in some patients versus ventricular drainage in others),
and number of samples taken. Pharmacokinetic analyses of measured concentration
data use heterogeneous approaches (i.e, noncompartmental versus population), and
there is a paucity of data, especially in CSF.

The majority of studies report only antibiotic concentrations and no other PK
parameters. Of studies that report additional PK parameters, many do not describe the
CSF AUC, V, CL, and elimination rate constant (k.), which are important for dose
selection. Critically, the movement of drugs between the peripheral, central, and/or CSF
compartments is not characterized in most studies. Moreover, key covariates that may
explain antibiotic PK variability in CSF, including renal function, organ failure scores,
and coadministered medications (e.g., vasopressors or steroids), are not specifically
identified or discussed in a large proportion of studies. Population PK modeling to
robustly describe PK variability has been performed in only eight studies (17, 22, 35, 36,
41, 51, 52, 60). This modeling approach simultaneously analyzes data at both the
population and individual levels to better describe antibiotic PK variability (65). This
information can then be combined with identified PK/PD targets and MICs of etiologic
pathogens using in silico dosing simulations to determine the dosing regimens most
likely to attain target exposures (66). Quantifications of such PK/PD relationships in CSF
are currently lacking in the majority of studies. Significantly, very few PK/PD targets
have been derived during the treatment of ventriculitis (41, 57, 59, 60), and there
remains uncertainty on what is the optimal antibiotic exposure at the site of infection.
Importantly, only four studies supported the probability of attaining CSF PK/PD targets
with clinical outcome data in patients with ventriculitis (13, 24, 57, 59).
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Intravenous dosing. Standard i.v. doses of most antibiotics, especially hydrophilic
agents, may be inadequate for the treatment of ventriculitis. For example, CSF amin-
oglycoside concentrations are too low to be clinically relevant (14, 15). The relatively
narrow therapeutic index of aminoglycosides also precludes increasing systemic doses
in order to achieve therapeutic concentrations in CSF. Similarly, standard doses of
beta-lactams and cephalosporins may result in theoretically inadequate CSF concen-
trations maintained throughout the dosing interval, especially against less susceptible
organisms (MIC = 0.5 mg/liter) commonly seen in ICU patients (17, 19, 20, 22, 31, 32, 35,
36). However, the dearth of outcome data in patients with ventriculitis makes it difficult
to describe a consistent exposure-effect relationship in CSF. Notably, the rates of
penetration of meropenem, cefepime, and ceftaroline into CSF may be lower than their
clearance rates, further hindering the achievement of therapeutic CSF concentrations
(17, 25, 30). This may also lead to unrecognized accumulation in CSF, with potential for
CNS toxicity. Antibiotic clearance from CSF comprises two components: diffusion back
into blood through the blood-CSF/blood-brain barrier and bulk flow of CSF and brain
interstitial fluid into venous blood (10). In the absence of active transport, diffusion into
and out of CSF are approximately equal, and the total CSF clearance rate will be higher
than the rate of penetration into CSF because of the bulk flow of CSF and brain
interstitial fluid into venous blood (10). The extent of drug binding to plasma proteins
also seems to play an integral role in CNS penetration and the accumulation of
sufficient concentrations at the site of infection. For example, the 10-fold-lower CNS
penetration of ceftriaxone than of cefotaxime (28) is likely due to differences in protein
binding, e.g., 90 to 95% for ceftriaxone versus 40% for cefotaxime (67). Interestingly,
both antibiotics display similar concentration-time profiles in CSF. Higher doses, includ-
ing the use of front-loading doses with continuous infusions, may be necessary to
overcome these limitations (16, 24, 35). Therapeutic drug monitoring (TDM) in CSF may
also be useful given the uncertainties in antibiotic concentrations. However, this is
possible routinely only in patients with EVDs in situ. Furthermore, until there is a
better-described relationship between antibiotic CSF exposure and clinical outcome,
TDM may have limited utility.

Intravenous colistin attains inappropriately low concentrations and AUCs in CSF,
primarily the result of poor CNS penetration (42). In contrast, fluoroquinolones display
comparatively good CNS penetration, but nonetheless, CSF concentrations and AUCs
may remain theoretically inadequate (based on PK/PD targets extrapolated from
plasma targets in patients with non-CNS infections) for bacteria with even moderately
raised MICs. This can be explained by the increased V and reduced AUC observed in
plasma due to the high lipophilicity of fluoroquinolones (43-46). Based on theoretical
PD targets in CSF extrapolated from plasma targets, higher i.v. doses of fluoroquino-
lones may be necessary for less susceptible organisms (44, 45). This illustrates the fact
that relatively good CSF penetration may be insufficient to guarantee high CSF con-
centrations or AUCs in ICU patients, as plasma concentrations may be insufficient after
unadjusted i.v. dosing. Intravenous fosfomycin, on the other hand, displays reduced
penetration compared to fluoroquinolones, but with higher dosing for critical illness
(i.e., 8 g every 8 h), it attains considerably higher and clinically relevant concentrations
in the CSF of critically ill patients, sufficient against even less susceptible organisms (47).
This is likely due to the fact that higher doses (i.e, 8 g every 8 h) produce similarly
increased plasma concentrations. Pharmacodynamic indices of fosfomycin in CSF re-
quire further validation along with clinical outcome data.

Vancomycin achieves inadequate CSF concentrations after i.v. doses (51), with dose
increases being required especially in the setting of augmented renal clearance (18).
Intravenous linezolid demonstrates good CNS penetration with moderately high CSF
concentrations but with considerable interpatient variability. Although standard i.v.
doses (600 mg every 12 h) have resulted in clinical cure of ventriculitis (57, 59), to
achieve extrapolated PK/PD targets in CSF, even for susceptible organisms, higher
doses may be necessary (56-60). Given that linezolid CSF concentrations correlate with
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plasma concentrations (59), there may be scope for TDM in plasma as a useful surrogate
for measuring CSF concentrations. However, optimal exposure targets in CSF, tied to
outcome data, will need to be identified for this approach to have the desired utility.
Metronidazole displays CSF penetration similar to that of linezolid (62). Therefore,
standard doses of metronidazole are likely appropriate, but no detailed PK/PD analysis
has been performed in the study population. Rifampicin achieves similarly poor CSF
penetration compared to beta-lactams (63) despite being more lipophilic, likely be-
cause of its higher protein binding (up to 90%) (68). Pharmacokinetic/pharmacody-
namic relationships of rifampicin in CSF are currently not quantified, and so it remains
unclear if standard doses are adequate in treating VAl in critically ill patients.

Intraventricular dosing. Intraventricular dosing of certain antibiotics, such as
aminoglycosides, colistin, vancomycin, and daptomycin, is likely necessary for the
treatment of ventriculitis given their generally low CNS penetration and CSF concen-
trations achieved after systemic i.v. administration. Notably, the IVT route has yet to be
studied for use with beta-lactam antibiotics, possibly due to concerns regarding
neurotoxicity and seizures. Generally, compared with the i.v. route, very low doses are
used for IVT administration. Intraventricular aminoglycosides have been used in case
reports and small case series for the treatment of CNS infections (12, 13, 69), achieving
high and clinically relevant CSF concentrations. Nonetheless, dosing practices remain
inconsistent, and more data are necessary. Intraventricular colistin, as either an adjunct
or an alternative to i.v. dosing, attains considerably higher CSF concentrations than with
the i.v. route alone (39-42). Combined dosing achieves more uniform concentrations
over the dosing interval (39, 40) and may be required if higher volumes of CSF are
drained from the EVD (41). A cerebrospinal fluid colistin AUC/MIC ratio of 74.6 to 141.5
h may be an appropriate PK/PD target, as supported by preliminary clinical outcome
data in patients with ventriculitis receiving IVT doses recommended by the Infectious
Diseases Society of America (41). However, this exposure target will likely need to be
validated using more patient outcome data.

Vancomycin concentrations in CSF are at least partially dependent on the level of
meningeal inflammation (52, 70), with relatively low CNS penetration overall and
substantially variable CSF concentrations following systemic dosing alone (51, 70).
Intraventricular vancomycin for VAI appears to be an efficacious modality capable of
achieving substantially higher concentrations (49, 71). Cerebrospinal fluid exposures
with the IVT route should also be less dependent on patient renal function and dynamic
fluid shifts typical of critically ill patients in the acute phase. Combined dosing may be
useful to maintain higher trough concentrations in CSF (48, 50). Interestingly, a sys-
tematic review by Beach et al. demonstrated no relationship between the overall CSF
exposure of vancomycin and clinical/microbiological cure of ventriculitis (70). Hence, a
PK/PD relationship in CSF and established targets for optimal exposure have yet to be
described for vancomycin. The CNS penetration of daptomycin is low regardless of the
level of meningeal inflammation (72), and therefore, the i.v. route is inappropriate.
Intraventricular dosing attains substantially higher concentrations, but dosing practices
and reported CSF concentrations achieved differ (53-55), and more data are required
to determine optimal targets and dosing strategies.

Antibiotic PK/PD considerations in ventriculitis. Heterogeneous and multisystem
pathophysiological derangements are responsible for widely variable antibiotic PK in
critically ill patients. A dysregulated host immune response causes widespread endo-
thelial damage, capillary permeability, and changes in fluid distribution, which aggres-
sive fluid resuscitation may amplify (65). This may result in an increased V and,
consequently, low antibiotic concentrations in CSF, especially during i.v. administration
of hydrophilic antibiotics such as vancomycin and the beta-lactams (65). Hypoalbumin-
emia can increase unbound plasma concentrations (and, hence, renal clearance) of
highly protein-bound antibiotics such as ceftriaxone (73), further impacting CSF con-
centrations. In some patients, renal dysfunction may reduce antibiotic clearance, po-
tentially resulting in accumulation and toxicity (74). In others, with neurotrauma or
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subarachnoid hemorrhage, augmented renal clearance, defined as a measured creati-
nine clearance rate of =130 ml/min/1.73 m?2 (75), may further reduce CSF antibiotic
concentrations and necessitate increased doses (18).

Cerebrospinal fluid dynamics and the function of the blood-CSF/blood-brain barrier
in ventriculitis are also important factors influencing antibiotic PK. During meningitis,
tight junctions between endothelial cells open (increasing the CSF penetration of
hydrophilic antibiotics), proinflammatory cytokines inhibit the activity of efflux pumps
such as P-glycoprotein (retaining lipophilic antibiotics such as fluoroquinolones in CSF),
and there is decreased CSF outflow, reducing antibiotic elimination from CSF (10).
These mechanisms may be less pronounced during VAI, contributing to suboptimal
antibiotic exposures at the site of infection. The EVD itself may also remove antibiotics
from CSF (41). Moreover, the ventricular CSF may not be uniform, as suggested by
significant differences between measured antibiotic concentrations in contralateral
EVDs (55). There may be marked variability in individual CSF dynamics, and character-
izing sources of PK variability through robust PK analysis is an important step to
individualize dosing in patients with ventriculitis.

Another significant consideration is to accurately describe the kill characteristics of
antibiotics in CSF to determine the PK/PD relationship and exposure targets for each
drug class. At best, studies have used plasma-based PK/PD targets as theoretical targets
for CSF antibiotic exposure. Further work is needed to validate whether this extrapo-
lation is justified; for this, outcome data linked to CSF antibiotic exposure in patients
with CNS infections such as ventriculitis are required.

A major shortcoming of this review is that it has focused only on antibiotic PK and
PK/PD in CSF and has not addressed clinical outcomes or the extent of critical illness
that patients were suffering from, in terms of how many patients were in shock or
multiple-organ failure, or a summary of their organ failure scores, or whether plasma
albumin concentrations were high or low. Moreover, only a qualitative assessment of
the available literature has been performed, with data currently being too heteroge-
neous to provide pooled estimates. Future studies conducted with more homogeneous
methods and consistent reporting of PK parameters may provide the means of pooling
data to make a quantitative assessment.

Conclusion. The prevention and treatment of VAl remain challenging, with much
uncertainty surrounding therapeutic CSF exposure in treating VAI/CNS infections in the
absence of meningeal inflammation. Until PK/PD indices and specific exposure targets
can be identified, strategies to optimize dosing remain theoretical. Further research in
this area should aim to describe the wide variability in antibiotic PK parameters as well
as define contextually specific PK/PD indices in CSF. So that PK studies can be
maximally useful for comparison, interpretation, and future PK modeling, reported data
should include C,,,., Vcsr intercompartmental rate constants, AUCs, CSF/serum AUC
ratios, and CL.

Pharmacokinetic/pharmacodynamic analysis could be used to support alternative
dosing strategies such as increased bolus doses, more frequent dosing or continuous
infusions, and, importantly, using the IVT route to bypass the blood-CSF barrier to
achieve more predictable antibiotic CSF concentrations. Therapeutic drug monitoring
in plasma or CSF could potentially be useful for certain antibiotics, where available.
However, until research is conducted that establishes optimal antibiotic CSF exposure
related to outcome data in critically ill patients with CNS infections, PK/PD analysis
remains conceptual, and TDM may have limited scope.

MATERIALS AND METHODS

Search strategy and selection criteria. The protocol for this systematic review was registered at the
PROSPERO database (protocol number CRD42018081372; registered on 9 January 2018). Keyword
searches of PubMed and Embase for all years to August 2020 were conducted to identify suitable data
for inclusion in the systematic review. Search terms included ([antibiotics OR antimicrobials OR antibac-
terials OR beta-lactams OR penicillins OR cephalosporins OR carbapenems OR glycopeptides OR amin-
oglycosides OR fluoroquinolones OR oxazolidinones OR polymyxins OR fosfomycin OR rifamycins OR
lipopeptides] AND [cerebral ventriculitis OR {external ventricular drain AND infection}] AND [ICU OR
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TABLE 2 Clinical pharmacokinetic criteria for clinical PK studies

Checklist item?

Title

1. Title identifies drug(s) and patient population(s) studied

2. Abstract includes name of drug(s), route of administration, population, results of primary
objective, and major clinical PK findings

Background

3. PK data that are known and relevant to study drugs are described
4. An explanation of the study rationale is provided

5. Specific objectives or hypotheses are provided

Methods

6. Eligibility criteria of study participants are described

7. Coadministration (or lack thereof) of study drug(s) with other potentially interacting drugs or
food is described

8. Drug prepn and administration characteristics (including dose, route, formulation, infusion
duration, and frequency) are described

9. Body fluid or tissue sampling for quantitative drug measurement is described

10. Validation of quantitative bioanalytical methods used in the study are referenced or
described if applicable

11. PK modeling methods and software used are described, including assumptions made
regarding no. of compartments and order of kinetics (zero, first, or mixed order)

12. For population PK studies, covariates incorporated into PK models are identified and
described

13. Formulas for calculated variables (such as creatinine clearance, body surface area, AUC, and
adjusted body wt) are provided or referenced

14. The specific body wt used in drug dosing and PK calculations are reported (i.e., ideal body
wt vs actual body wt vs adjusted body wt)

15. Statistical methods, including software used, are described

Results

16. Study withdrawals or subjects lost to follow-up (or lack thereof) are reported

17. Quantification of missing or excluded data is provided if applicable

18. All relevant variables that may explain inter- and intrapatient PK variability are provided
with appropriate measures of variance

19. Results of PK analyses are reported with appropriate measures of precision (such as ranges
or 95% confidence intervals)

20. Studies in patients receiving extracorporeal drug removal (i.e., dialysis) should report the
mode of drug removal, type of filters used, duration of therapy, and relevant flow rates
21. In studies of drug bioavailability comparing two formulations of the same drug, F, AUC,

Cinaxe @and T, should be reported

Discussion

22. Study limitations describing potential sources of bias and imprecision, where relevant,
should be described

23. The relevance of study findings (applicability and external validity) is described

Other information
24. Funding sources and conflicts of interest for the authors are disclosed

T max time to maximum concentration of drug in serum.

intensive care OR critical illness OR critically ill]) OR ([antibiotics OR antimicrobials OR antibacterials
OR beta-lactams OR penicillins OR cephalosporins OR carbapenems OR glycopeptides OR aminoglyco-
sides OR fluoroquinolones OR oxazolidinones OR polymyxins OR fosfomycin OR rifamycins OR lipopep-
tides] AND [EVD OR ventriculostomy OR external ventricular drain]). The searches were limited to studies
published completely in English and Spanish. The resulting outputs were combined, excluding dupli-
cates. After scanning abstracts for relevance, the full text was retrieved for all potentially suitable studies.
Pertinent studies from the bibliographies and reference lists of the retrieved articles were also identified
and included for review. Conference, congress, and scientific meeting abstracts were not included.

Study content inclusion/exclusion criteria. The retrieved publications were evaluated with the
following inclusion criteria: (i) prospective study; (ii) intensive care setting; (iii) study reporting antibiotic
concentrations or PK data in CSF resulting from treatment and/or prophylaxis of VAl or treatment of
extracerebral infections; (iv) patients with an in situ device, including an EVD, to collect ventricular CSF;
and (v) adult patients.

Exclusion criteria included (i) studies not involving critically ill patients, (ii) the lack of an in situ device
to collect ventricular CSF, (iii) an absence of antibiotic concentration or PK data, (iv) patients with
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meningitis or non-EVD-associated ventriculitis, (v) retrospective studies, (vi) review articles, (vii) meta-
analyses, (viii) studies involving pediatric patients, and (ix) studies published in languages other than
English or Spanish.

Data extraction and synthesis. One reviewer (N. Kumta) extracted the following data from each
study: number of patients; renal function; reason for antibiotic administration; study antibiotic(s) and
dosage practices (including route of administration, infusion times, dose, and frequency); sampling
regimen; CSF and plasma PK data, including type of PK analysis, concentrations achieved (including
maximum [C_,,,] and minimum [C,;.] concentrations and concentration ranges over the dosing/sam-
pling interval); other PK parameters, including the area under the concentration-time curve (AUCQ),
CSF/serum AUC ratio, volume of distribution (V), intercompartmental rate constants (k), clearance (CL),
and half-life (t, ,); and PK/PD indices in CSF. Given the heterogeneity of these PK data, there was limited
scope to provide pooled and summary data across studies. The quality of retrieved studies was evaluated
across six domains, (i) title/abstract, (ii) background, (iii) methods, (iv) results, (v) discussion/conclusion,
and (vi) other information, using the 24-item ClinPK checklist for clinical PK studies (Table 2) (76). The
quality assessment of CSF PK data was additionally based on how variability in measured CSF PK
parameters was described. Cerebrospinal fluid penetration was characterized on the basis of CSF/serum
AUC ratios. Cerebrospinal fluid/serum concentration ratios often depend on timing relative to dose (low
ratios initially, increasing over the dosing interval) and so were considered to be less accurate. The
pharmacodynamic (PD) parameter most commonly used to describe antibiotic potency is the MIC,
defined as the lowest antibiotic concentration with no visible bacterial growth after 16 to 20 h of
incubation under specifically defined conditions (11). Cerebrospinal fluid PK/PD reporting was assessed
and considered acceptable if studies described antibiotic PK/PD indices or the probability of attaining
PK/PD targets in CSF using MIC data from either identified organisms or epidemiological cutoff values,
preferably with outcome data supporting such targets in CSF. Clinical or bacteriological outcomes are not
reported in this review.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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